Numerous p53 target genes have been implicated in DNA damage-induced apoptosis signaling, but pro-apoptotic Bcl-2 family members of the BH3-only subgroup appear to play the critical initiating role. In various types of cultured cells, three BH3-only proteins, namely Puma, Noxa and Bim, have been shown to initiate p53-dependent as well as p53-independent apoptosis in response to DNA damage, treatment with anti-cancer drugs or glucocorticoids. In particular, the absence of Puma or Bim renders thymocytes and mature lymphocytes refractory to varying degrees to death induced in vitro by growth factor withdrawal, DNA damage or glucocorticoids. To assess the in vivo relevance of these findings, we subjected mice lacking Puma, Noxa or Bim to whole body -radiation or the glucocorticoid dexamethasone and compared lymphocyte survival with that in wild type and bcl-2 transgenic mice. Absence of Puma or Bcl-2 overexpression efficiently protected diverse types of lymphocytes from the effects of -radiation in vivo and loss of Bim provided lower but significant protection in most lymphocytes, whereas Noxa-deficiency had no impact. Furthermore, both, Puma and Bim, were found to contribute significantly to glucocorticoid-induced killing. Our results thus establish that Puma and Bim are key initiators of -radiation-and glucocorticoid-induced apoptosis in lymphoid cells in vivo.
p53 drives the transcription of the BH3-only protein genes puma [16] [17] [18] and noxa 19 and cultured lymphocytes from Puma-deficient mice were shown to be refractory to apoptosis induced byradiation and certain chemotherapeutic drugs 20, 21 . Noxa appears to play a more restricted role, as it proved dispensable for p53-mediated apoptosis in lymphocytes in vitro but is required for apoptosis in oncogene-transformed mouse embryonic fibroblasts, in which Puma also plays a critical role 21, 22 .
Puma deficiency also protected lymphocytes against certain p53-independent cell death stimuli, such as cytokine-deprivation or treatment with glucocorticoids 20, 21 . Similarly, Bim is essential for lymphocyte apoptosis induced by cytokine withdrawal or calcium flux, and it was proposed to play a minor role in cell death induced by -radiation or treatment with glucocorticoids 23 . Within the animal, Bim is required for negative selection of autoreactive T cells [24] [25] [26] as well as B cells 27 and for termination of T cell immune responses 28, 29 , therefore precluding autoimmunity.
In order to evaluate the physiological relevance of these in vitro findings for the effects of anti-cancer therapy in vivo, we examined the responses of mice lacking the BH3-only proteins Puma, Noxa or Bim to whole body -radiation or the glucocorticoid dexamethasone. The effects on lymphocyte survival were compared with those observed in wild-type mice and animals expressing a vav-bcl-2 transgene, which is highly expressed in all lymphoid populations 30 . We show that absence of Puma or Bcl-2 overexpression efficiently protects lymphocytes from the effects of DNA-damage in vivo and that loss of Bim affords limited protection, mainly in the T cell linage, whereas absence of Noxa has no protective effect. Moreover, we show that absence of either Bim or Puma provides cell type-specific protection from the effects of glucocorticoids.
Material and Methods:

Mice
All animal experiments were performed in accordance with the Austrian "Tierversuchsgesetz" (BGBl.
For personal use only. on January 22, 2018. by guest www.bloodjournal.org From specificities are: RA3-6B2, anti-B220; GK1.5, anti-CD4; H129.19.6.8, anti-CD4; 53.6.72, anti-CD8; YTS 169, anti-CD8; RB6-8C5, anti-Gr-1; S7, anti-CD43; 5.1, anti-IgM; 11/26C, anti-IgD; MI/70, anti-Mac-1; Ter119, anti-erythroid cell surface marker; T24.31.2, anti-Thy-1.
TUNEL staining of tissue sections
To identify apoptotic cells in tissues, sections were freed of paraffin, dehydrated and incubated for 60 min in a humidified incubator with terminal deoxynucleotidyl transferase in the presence of FITC-dUTP using an in situ cell death detection kit according to the manufacturer´s recommendation (ROCHE). Sections were counterstained using 7-AAD (Sigma) and incorporated FITC-dUTP TUNEL + cells within sections were evaluated using a fluorescence microscope (Zeiss Axiovert).
Statistical Analysis.
Statistical analysis was performed by using the Student's t test and Stat-view 4.1 software. P-values of <0.05 were considered to indicate statistically significant differences.
Results
Loss of Puma or Bim protects thymocytes from apoptosis induced by whole body -radiation
To analyze the requirement of individual BH3-only proteins for DNA damage-induced apoptosis of lymphoid cells in vivo, we exposed wild type animals, mice lacking Puma, Noxa or Bim, as well as animals expressing a bcl-2 transgene in all hemopoietic cell types 30 , to graded doses of -radiation.
Animals were sacrificed 20 h thereafter, thymic glands harvested and analyzed for their cellularity and cell subset composition as well as for apoptosis in situ. Immature CD4 + 8 + double positive (DP) thymocytes are highly susceptible to the effects of -radiation 31 and flow cytometric analysis using cell surface marker-specific antibodies demonstrated a dose-dependent decrease in the percentages of these For personal use only. on January 22, 2018. by guest www.bloodjournal.org From cells in wt and Noxa-deficient animals (Fig. 1a,c) . In contrast, the percentages of DP thymocytes lacking Puma, Bim or those overexpressing Bcl-2 dropped only marginally ( Fig. 1a ,c). Determination of total thymocyte numbers ( Fig. 1b ) and absolute numbers of CD4 + 8 + DP cells ( Fig. 1d ) confirmed that Puma-deficient and bcl-2 transgenic thymocytes were highly protected from the effects ofradiation in vivo and that bim -/cells displayed lower, yet significant resistance, whereas noxa -/-DP thymocytes were killed as efficiently as wt cells ( Fig. 1b-d) .
In order to investigate -radiation induced apoptosis in the thymus in situ, we performed TUNELstaining of nicked DNA on thymic sections of wt, Puma-and Bim-deficient animals. While wt thymic glands had lost their normal architecture within 20 h after exposure to -radiation, those from Pumadeficient mice maintained clearly demarcated cortical and medullary structures (compare Fig. 2a -c with Fig. 2d-f ). Sections from untreated mice of all genotypes showed relatively few TUNEL + (green) apoptotic cells ( Fig. 2a,d ,g), but numerous green cells became apparent at higher magnification in thymic sections of irradiated wt mice ( Fig. 2c ). In contrast, few green cells appeared in sections from Puma-deficient animals ( Fig. 2e ,f). In sections from bim -/mice, although cortical regions were strongly reduced after exposure to -radiation ( Fig. 2h ,i), there were fewer TUNEL + cells than in sections from wt mice (compare Fig. 2c with i).
Taken together, these experiments demonstrate that in developing T lymphocytes the rate-limiting BH3-only protein for p53-mediated apoptosis in response to -radiation in vivo is Puma, but that Bim also plays a minor role, whereas Noxa is dispensable.
Mature T and B lymphocytes and pre-B cells require Puma for DNA damage-induced apoptosis in vivo
The sensitivity to -radiation, as well as the molecular requirements for DNA-damage induced apoptosis have been reported to differ between immature thymocytes and mature lymphocytes 1,32 .
For personal use only. on January 22, 2018. by guest www.bloodjournal.org From Therefore, we investigated the impact of whole body -radiation on the cellular composition of peripheral lymphoid organs, including spleen, lymph nodes and bone marrow as well as peripheral blood. Again, wt, puma -/-, noxa -/-, bim -/and vav-bcl-2 transgenic mice were sacrificed 20 h after exposure to graded doses of -radiation. Our analysis revealed that loss of Puma or Bcl-2 overexpression conferred significant protection against -radiation on all the lymphoid populations examined: CD4 + 8and CD4 -8 + peripheral T cells ( Fig. 3a,b ), naive IgM + IgD lo B cells (data not shown), mature IgM + IgD + B cells from spleen ( Fig. 3c ) and lymph nodes (not shown), lymphocytes from peripheral blood (suppl. Fig. 1S ) and immature B220 + sIgM -CD43pre-B cells from bone marrow ( Fig.   3d ). Consistent with our previous observations with thymocytes ( Fig. 1 ), absence of Bim also provided some protection to mature T and B cells ( Fig. 3a-c ). For example, 20 h after 2.5 Gy radiation a mean of 28.08 ± 0.5% of wt CD4 + T cells and 20.5 ± 0.2% of wt CD8 + T cells remained, when compared to untreated controls, whereas 40.14 ± 1.5% of bim -/-CD4 + and 34.61 ± 0.9% of bim -/-CD8 + T cells survived this treatment ( Fig.3a,b ). Bim deficiency did not, however, protect the pre-B cells ( Fig. 3d) and Noxa deficiency had no protective effect in any of the lymphoid populations ( Fig. 3 ).
TUNEL staining of untreated spleens failed to reveal apoptotic cells in situ ( Fig. 4a ,b,c) but the spleens from -irradiated wt animals exhibited many apoptotic TUNEL + green cells ( Fig. 4b ). Consistent with our flow cytometric analysis ( Fig. 3 ), sections from irradiated Puma-or Bim-deficient animals reproducibly displayed far fewer TUNEL + cells than wt sections ( Fig. 4 d,e,f).
Taken together, these observations indicate that -radiation-induced apoptosis of mature T and B cells
in vivo depends mainly on Puma, but that Bim also contributes significantly. In pre-B cells, -radiationinduced death depends primarily on Puma and presumably on other unidentified cell death mediators.
Puma and Bim are both required for dexamethasone-induced apoptosis of lymphoid cells
Glucocorticoids (GC) are widely used in anti-cancer therapy and are proving particularly effective in For personal use only. on January 22, 2018. by guest www.bloodjournal.org From the treatment of certain childhood leukemias 33 . Their pro-apoptotic effects on normal lymphocytes are well documented, but the molecular basis is still poorly understood. Bcl-2 overexpression confers resistance to GC upon normal thymocytes, pre-B cells, mature T as well as B cells and lymphomaderived cell lines 31, 34 and GC transcriptional targets include the BH3-only genes bim and puma, making them likely candidates for initiating this apoptotic pathway 18, 33, [35] [36] [37] . In order to evaluate the in vivo contribution of BH3-only proteins to GC-induced apoptosis of lymphocytes, wt, puma -/-, bim -/and vav-bcl-2 transgenic animals were injected i.p. with graded doses of the therapeutically-used glucocorticoid dexamethasone. Animals were sacrificed 20 h thereafter and thymic glands, spleens and bone marrow samples were analyzed for their cellularity and cell subset composition.
Total thymic cellularity dropped drastically in wt-but not in vav-bcl-2 transgenic animals ( Fig. 5a ).
Total cellularity in Puma-and Bim-deficient thymi was also strongly reduced, but not as pronounced as in thymi from wt animals ( Fig. 5a ). CD4 + 8 + DP immature thymocytes are particularly sensitive to the effects of glucocorticoids, responding with rapid apoptosis 31, 34 . Immunofluorescent staining and flow cytometric analysis demonstrated a substantial decrease in the percentages of DP thymocytes in dexamethasone injected wt animals, but not in mice lacking Puma, Bim or those overexpressing Bcl-2 ( Fig. 5b ). Calculating absolute numbers of CD4 + 8 + DP cells demonstrated that Puma-deficient as well as Bim-deficient thymocytes were partially protected from the effects of GC ( Fig. 5c ) and, as shown before 31, 34 , Bcl-2 overexpression potently protected CD4 + 8 + DP-thymocytes from dexamethasoneinduced killing (Fig. 5c ). Consistent with a minor protective effect of Puma or Bim deficiency, a significant number of TUNEL + green apoptotic cells was detected, predominantly in cortical regions of thymic sections from wt, Puma-and Bim-deficient animals ( Fig. 5d ,e,f and data not shown).
Since mature lymphocytes are sensitive to GC, albeit much less so than DP thymocytes, we also evaluated the impact of dexamethasone on the survival of mature splenic lymphocytes. While both Puma and Bim contributed to thymocyte apoptosis, selectivity became apparent in the periphery.
For personal use only. on January 22, 2018. by guest www.bloodjournal.org From Puma-deficiency reduced the deletion of both CD4 + and CD8 + mature T cells from spleen in response to dexamethasone but absence of Bim provided no statistically significant degree of protection ( Fig.   6a ,b). Mature wt B cell numbers also fell about 50% in response to systemic glucocorticoid treatment, but neither absence of Puma or Bim nor Bcl-2 overexpression prevented this drop (data not shown). In marked contrast to the T cells, absence of Bim potently protected immature pre-B cells from the bone marrow whereas absence of Puma had no protective effect ( Fig. 6c ). Collectively, our data indicate that both Puma and Bim play critical and, depending on the cell type, partially overlapping roles in glucocorticoid-induced apoptosis of lymphocytes in vivo.
Discussion:
The resistance of malignant cells to -radiation or anti-cancer drugs, a widespread problem during anticancer therapy, is often attributable to elevated levels of pro-survival Bcl-2 family members, inactivation of pro-apoptotic Bcl-2 family members or loss of the tumor suppressor p53 1,2 . In addition, Somewhat surprisingly, both the flow cytometric and the in situ TUNEL analysis also indicated that Bim, which is not a primary target of p53, contributes to -radiation induced death in thymocytes and For personal use only. on January 22, 2018. by guest www.bloodjournal.org From mature lymphocytes ( Fig. 1-4 ). These data are consistent with previous in vitro observations revealing a small but significant survival advantage for bim -/thymocytes 23 and granulocytes 38 in response to DNA-damage caused by -radiation or etoposide, respectively. These findings may indicate that genotoxic damage also elicits a p53-independent route to cell death that requires Bim. It is possible that p53-induced genes influence either bim mRNA expression levels or regulate its protein function posttranslationally by mediating its activation. Alternatively, since both Puma and Bim can bind to the same set of pro-survival Bcl-2 homologues with similar affinities 48 , the absence of Bim might simply increase the availability of free pro-survival Bcl-2-like molecules now able to antagonize Puma more effectively. At first sight, the latter model seems unlikely, because it would predict, for example, that loss of Bim would increase the resistance of thymocytes to apoptosis induced by phorbol ester, which requires Puma, and that loss of Puma should render thymocytes resistant to cell death induced by Ca ++ flux, which requires Bim, but neither of these is the case ( 21 and unpublished observations). However, the visibility of such an indirect beneficial effect may also depend on the pattern of prosurvival homologues expressed in a given cell type.
Bcl-2 overexpression proved more potent than loss of Puma in protecting CD4 + 8 + DP thymocytes ( Fig.   1d ) and pre-B cells (Fig. 3d ) from -radiation. This might be interpreted that these cells can die in a p53-independent but Bcl-2-blockable manner. That appears unlikely, however, because DNA damageinduced apoptosis independent of p53 has so far been observed only in cycling normal lymphoid or lymphoma cells 32 , while most CD4 + 8 + DP thymocytes and pre-B cells are non-cycling and are rendered completely resistant to -radiation by loss of p53 32, 39, 40 .
At present, we cannot exclude that -radiation-induced cell cycle arrest in surviving -selected CD4-8double negative (DN) cells contributes to the net loss of DP thymocytes. However, the limited number of DN cells that dies in response to -radiation within 20 hours does so in a strictly p53-dependent, Bcl-2-blockable manner (suppl. Fig. S2 ).
For personal use only. on January 22, 2018. by guest www.bloodjournal.org From Activation of death receptor signaling by -radiation-induced activation of p53 also appears unlikely to play a role in these cells, because this death pathway is not inhibited by Bcl-2 over-expression 41, 42 suggested by other groups 9, 10 , that p53 has a transcription-independent role in initiating cell death involving its direct action at mitochondria cannot be excluded.
Interestingly, Bim-deficient thymocytes of all maturation stages (CD4 -8 -, CD4 + 8 + , CD4 + 8and CD4 -8 + ) appeared to be equally sensitive to the effects of -radiation (Fig. 1) or glucocorticoids ( Fig. 5 ) and died with similar kinetics, whereas in wt animals, as observed before 31 , CD4 + 8 + DP thymocytes are the most sensitive thymocyte subset. This observation explains why the high percentages of CD4 + 8 + DP cells remaining after radiation (or glucocorticoid-injection) of bim -/mice did not lead to a greater increase in the number of surviving CD4 + 8 + DP cells (compare Fig. 1c vs. 1d and 5b vs. 5c ). The molecular basis for this finding is currently under investigation.
For personal use only. on January 22, 2018. by guest www.bloodjournal.org From Although noxa mRNA levels were reported to increase in thymocytes after -radiation ( 19 and LC&AS unpublished data) Noxa-deficient lymphocytes of all differentiation stages proved normally sensitive to this death stimulus. This is somewhat surprising, since transcriptional activation of Noxa clearly requires p53 19, 22 Taken together our in vivo findings correlate surprisingly well with studies performed on isolated lymphocytes exposed to -radiation ex vivo [20] [21] [22] [23] , indicating that the microenvironment does not play a critical role in the regulation of the DNA-damage response in lymphocytes in vivo. The only indication that the microenvironment may induce different cellular responses can be drawn from our observation that loss of Puma or Bcl-2 overexpression provides only limited protection to peripheral blood lymphocytes (suppl. Fig. 2S ). However, this observation could instead mean that damage to the endothelium allows extravasation of lymphocytes into the surrounding tissue and that this endothelial damage is not blocked efficiently by absence of p53 or Puma. This is supported by the fact that peripheral blood lymphocytes also disappeared readily from the blood stream of Puma-and, most importantly, p53-deficient animals, but these same cell types exhibit resistance to -radiation-induced death in the spleen (Fig. 3 , suppl. Fig. 2S and data not shown).
Glucocorticoids are an essential component of many protocols for treatment of lymphoid malignancies 33 . Childhood T cell leukemias, for example, are highly sensitive to glucocorticoids (GC) and primary sensitivity to GC-induced apoptosis is associated with good prognosis 33 . In contrast, primary or
For personal use only. on January 22, 2018. by guest www.bloodjournal.org From treatment-induced resistance to GC, mostly associated with mutations in the glucocorticoid receptor, generally indicates an unfavourable course of the disease 36 . GC-treatment leads to transcriptional activation or repression of numerous target genes, but none were known that induce apoptosis directly until the genes for both bim and puma were shown to be targets 18, 35, 37 .
Our in vivo analysis of GC-sensitivity of lymphoid cells in BH3-only knock-out mice agrees with observations from cultured cells 21,23 . Absence of Puma or Bim provided significant protection from GC-induced apoptosis in thymocytes, but overexpressed Bcl-2 was more effective (Fig. 5 ). This indicates that Bim and Puma act in an overlapping manner, and experiments to determine, whether Bim/Puma double-deficient thymocytes are completely resistant to GC have been initiated.
The relative significance of Puma and Bim in GC-induced death seems to vary with cell type. Whereas their role in thymocytes appears comparable (Fig. 5a ), in mature CD4 + and CD8 + T cells, which are less sensitive to GC than CD4 + 8 + DP thymocytes, Puma loss conveyed greater protection than Bim loss and indeed was at least as effective as Bcl-2 overexpression (Fig. 6a,b) .
In striking contrast, in pre-B cells, loss of Bim provided almost complete resistance to glucocorticoidtreatment whereas loss of Puma had no protective effect (Fig. 6c ). These results are in line with observations that Bim is strongly induced by dexamethasone treatment in the glucocorticoid sensitive pre-B cell leukemia cell line 697 35, 36 . It thus appears that Puma and Bim can be induced and/or activated by GC in a cell type specific manner.
Collectively, our experiments demonstrate that Puma is the rate limiting BH3-only protein mediating p53-induced apoptosis in response to -radiation in vivo, whereas Bim plays a minor role and Noxa is dispensable, at least in lymphoid cells. Indeed, except in DP thymocytes, Puma appears responsible for almost all the pro-apoptotic effects of p53 in the lymphoid compartment. In GC-induced apoptosis of lymphocytes, however, both Puma and Bim have major roles ( Figs. 5 and 6 ). From the therapeutic perspective, it is noteworthy that both BH3-only proteins can be upregulated by GC and other For personal use only. on January 22, 2018. by guest www.bloodjournal.org From mechanisms that do not require p53 12, 18 . Hence, exploring their regulation in more detail may well prompt novel strategies for rendering tumors with defective p53 status, or those refractory to glucocorticoid treatment (e.g. due to GR-mutations), more sensitive to conventional anti-cancer treatment. Furthermore, it appears likely, that the propensity of malignant lymphocytes to induce these genes in response to -radiation or GC will significantly influence treatment outcome. Hence, the ability of tumors to induce Puma and/or Bim expression under different treatment regiments may well provide useful prognostic markers to guide anti-tumor therapy. independent apoptotic pathways. Cancer Cell. 2003;4:321-328.
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